Abstract The neuropeptide calcitonin gene-related peptide (CGRP) is implicated in the underlying pathology of migraine by promoting the development of a sensitized state of primary and secondary nociceptive neurons. The ability of CGRP to initiate and maintain peripheral and central sensitization is mediated by modulation of neuronal, glial, and immune cells in the trigeminal nociceptive signaling pathway. There is accumulating evidence to support a key role of CGRP in promoting cross excitation within the trigeminal ganglion that may help to explain the high co-morbidity of migraine with rhinosinusitis and temporomandibular joint disorder. In addition, there is emerging evidence that CGRP facilitates and sustains a hyperresponsive neuronal state in migraineurs mediated by reported risk factors such as stress and anxiety. In this review, the significant role of CGRP as a modulator of the trigeminal system will be discussed to provide a better understanding of the underlying pathology associated with the migraine phenotype.
Introduction
Migraine is a complex chronic, debilitating disease that affects 12 % of the general population and is characterized by a headache lasting from 4 h to 3 days [1, 2] . Associated symptoms include nausea; vomiting; and sensitivity to light, sound, and head movements. A key underlying feature of migraine pathology involves sensitization and excitation of trigeminal ganglion nerves [3, 4••] . Activation of trigeminovascular afferents in the meninges releases inflammatory neuropeptides and other small molecules that promote neurogenic inflammation and development of peripheral sensitization of the primary nociceptive neurons. In addition, activation stimulates efferent release of neuropeptides and other pro-inflammatory mediators that contribute to the development of central sensitization characterized by a lower activation threshold of second-order nociceptive neurons, hyperalgesia, and allodynia. While migraine triggers are thought to initiate an attack, the development and maintenance of a prolonged state of sensitization of trigeminal neurons, as seen in frequent and chronic migraine, is likely mediated by risk factors that sustain peripheral and central sensitization of trigeminal neurons [5, 6] .
Based on the seminal studies in the early 1990s [7, 8] , the neuropeptide calcitonin gene-related peptide (CGRP) has been strongly linked to migraine pathology and treatment of episodic migraine. Based on current migraine models, release of CGRP from trigeminal nerves is thought to play a central role in the painful phase of migraine due to its ability to mediate neurogenic inflammation and convey nociceptive information to the central nervous system [9, 10] . Lending support to this notion are findings that serum levels of CGRP obtained from the external jugular vein are elevated in patients during migraine (with and without aura) [7, 11, 12] . In addition, increased CGRP levels have been reported in saliva and cerebrospinal fluid during migraine attacks [13, 14] . Further This article is part of the Topical Collection on Migraine and Beyond evidence of the involvement of CGRP in migraine is provided by data from clinical trials, in which triptans, acute antimigraine drugs that block CGRP release [15, 16] , and molecules that block activity of CGRP or its receptor could effectively alleviate headache pain [17] . Support for a causative role of CGRP in episodic migraine was demonstrated when administration of CGRP to migraine patients caused a headache and associated symptoms that were indistinguishable from the patient's typical migraine attack [18] . Taken together, these data provide strong evidence that CGRP is a key modulator of the trigeminal system and thus plays an important role in the pathophysiology of migraine.
Key to the underlying pathology of migraine is the concept of peripheral and central sensitization of trigeminal nociceptive neurons. Migraineurs are characterized by a hypervigilant nervous system that likely is the result of genetic predisposition, environmental factors, and lifestyle choices [6, 19] . An important question to address is what factors are increasing the risk of having an attack in migraine-susceptible individuals. Of the risk factors cited by migraineurs, stress, anxiety, and neck muscle tension are often most commonly reported to temporally correlate with their attacks. Interestingly, these factors are known to cause dysfunction of descending inhibition that can lead to the development and maintenance of central sensitization [20] . In addition, reported migraine risk factors include rhinosinusitis [21, 22] and temporomandibular joint disorders [23] [24] [25] [26] , which are prevalent orofacial pain conditions that also involve sensitization of primary and secondary trigeminal nociceptive neurons. In this review, evidence for a fundamental role of CGRP in migraine via its ability to promote and sustain peripheral and central sensitization of trigeminal nociceptive neurons will be discussed. Furthermore, we will provide evidence that these CGRPmediated physiological events involve modulation of neurons, glial cells, and immune cells within the trigeminal system.
CGRP: Structure and Function
In humans, CGRP exists as two isoforms referred to originally as α-CGRP and β-CGRP but now referred to as CGRP1 and CGRP2 that are synthesized by two different genes yet perform similar biological functions [27] [28] [29] . Based on immunohistological studies with human tissues, we know that α-CGRP is preferentially expressed in sensory neurons when compared to levels of β-CGRP [30] . The role of α-CGRP, which will be referred to as simply CGRP, will be the primary focus of this review since this isoform is the predominant form expressed in trigeminal ganglial neurons [31] .
CGRP is one of the most abundant peptides in nerve tissue and is widely expressed in both peripheral and central neurons [32, 33] . While a broad range of biological functions have been attributed to CGRP, its role in promoting neurogenic inflammation and sensitization of trigeminal neurons are most relevant to migraine pathology [3] . CGRP's role in migraine pathology likely involves its release from the following three distinct sites in trigeminal ganglion neurons: the afferent terminals that innervate the meninges, the cell body localized in the ganglion, and from the efferent fibers that terminate in the upper spinal cord (Fig. 1) [34] . While the associated RAMP subunit is essential in delineating the relative potency of receptor ligands, the RCP determines the G protein that will couple to CLR activation [35] . Binding of CGRP to the CLR/RAMP1 receptor is known to cause activation of the enzyme adenylate cyclase that generates the secondary messenger cAMP leading to elevated intracellular levels of protein kinase A in many cell types including neuronal and glial cells [33, 34] . Within the trigeminal system, CGRP receptors are reported to be expressed by a diverse number of cell types including mast cells in the meninges, and second-order neurons, astrocytes, and microglia in the upper spinal cord [32, 36•, 37] . In addition, the existence of functional CGRP receptors on the cell body of trigeminal ganglial neurons as well as associated satellite glial cells has been reported [38] [39] [40] .
CGRP and Migraine: Cellular Targets in Trigeminal Pathway
The diverse roles of CGRP implicated in migraine pathology have been delineated from results from human and animal studies investigating the effects of pharmaceutical and experimental compounds that target trigeminal neurons. Based on these findings, the therapeutic anti-migraine properties of current drugs is thought to involve inhibiting the activation and sensitization of primary nociceptive trigeminal neurons and the subsequent release of CGRP both peripherally in the meninges and ganglion and centrally in the upper spinal cord [15] . For example, the ability of the triptan class of serotonergic drugs to abort migraine attacks is believed to involve blocking CGRP secretion from the primary afferents that promote dilation of meningeal blood vessels and activation of resident mast cells [41] . Once activated, mast cells can release histamine and other pro-inflammatory mediators implicated in the development of neurogenic inflammation [42] . CGRP also functions to promote protein plasma extravasation by potentiating the physiological effects of the neuropeptide substance P and is known to play a role in the recruitment and activation of other immune cells including mast cells. Triptans also block secretion of CGRP from nerve fibers that project into the outer lamina of the upper spinal cord [43] . Importantly, central release of CGRP leading to elevated levels in the spinal cord is known to facilitate sensitization of second-order neurons by lowering the activation threshold to glutamate, which is coreleased with CGRP [44] . Increased CGRP levels in the spinal cord can also stimulate astrocytes and microglial cells to release inflammatory cytokines and other pro-inflammatory mediators known to promote and maintain a state of central sensitization [45, 46] . Another site of CGRP release is from the cell body of trigeminal neurons localized in the ganglion that are known to express serotonergic receptors targeted by triptan drugs [47] . CGRP secretion within the ganglion can promote changes in trigeminal neurons and satellite glial cells that are found in close association with neuronal cell bodies and known to modulate the excitability state of primary nociceptive neurons [48] . Activation of CGRP receptors on trigeminal neurons is reported to work in an autocrine manner to increase its own expression by stimulating further synthesis and secretion from the neuronal cell body [38] . In addition, CGRP is known to function as a paracrine signal to stimulate secretion of pro-inflammatory cytokines and nitric oxide from satellite glial cells that would help to maintain a sensitized state of primary nociceptive neurons [39, 49, 50] . Taken together, CGRP functions at multiple sites within the trigeminal system to initiate and sustain peripheral and central sensitization via its ability to modulate the activity of immune cells, glial cells, and neuronal cells. Furthermore, CGRP's role in promoting increased communication between neuronal and glial cells both in the ganglion and upper spinal cord has important implications, given that increased neuron-glial signaling is associated with development of more chronic pain states [51, 52] .
CGRP Release-Two Independent Pathways in Trigeminal Neurons
After being synthesized in the cell body of trigeminal ganglion neurons, CGRP is stored in dense core vesicles within the cell body and in peripheral and central nerve processes and terminals [47] . In response to activation of trigeminal neurons, CGRP can be released from the afferent and efferent fibers but also from the neuronal cell body. Stimulated CGRP secretion is thought to be primarily mediated via a calciumdependent mechanism involving the vesicle-docking protein known as synaptosomal-associated protein 25 (SNAP-25), which is required for membrane fusion [32, [53] [54] [55] . Significantly, the inhibitory effects of triptans, drugs commonly used as an abortive migraine therapy [15] , and onabotulinumtoxinA, which has been approved as a treatment for chronic migraine, are thought to involve blocking the calcium/SNAP-25-mediated release of CGRP from trigeminal neurons [56] . Although triptans and onabotulinumtoxinA are approved therapies for episodic and chronic migraine, respectively, there still remain a significant percentage of migraine sufferers that fail to respond to these treatment options [57, 58] . A plausible explanation for their lack of efficacy may be attributable to their ability to inhibit calcium/ SNAP-25-dependent release of CGRP, but not calcium/ SNAP-25-independent neurotransmitter secretion, which has been reported in sensory neurons including the trigeminal nerves [59] . CGRP can be secreted from cultured trigeminal neurons in response to a decrease in extracellular pH [60, 61] , as proposed to occur within the meninges during a migraine attack [3] . The decrease in pH correlates with an increase in the concentration of extracellular protons, which mediates CGRP release by a novel calcium and SNAP-25-independent mechanism [59] . Protons induce CGRP secretion by a mechanism that involves increases in intracellular sodium ions and activation of the acidsensitive ion channel ASIC3. The existence of two independent vesicle pools involved in CGRP release may allow trigeminal neurons to more finely regulate CGRP secretion in response to the type of inflammatory stimuli and severity of the pathology. In this way, the amount of CGRP released from trigeminal neurons would be greatest if both calcium-dependent as well as calcium-independent mechanisms were induced by an inflammatory soup as proposed to occur during a migraine attack [62, 63] . It is interesting to note that many of the pro-inflammatory molecules known to promote and sustain neurogenic inflammation within the dura have been shown to stimulate the expression and activity of ASIC3 [64, 65] . Thus, increased levels of proinflammatory molecules would promote elevated levels of ASIC3, which would facilitate an enhanced inflammatory response to protons during an attack by stimulating release of CGRP. In summary, the ability of trigeminal neurons to secrete CGRP via two distinct mechanisms may help to explain the significantly elevated levels of CGRP reported during a severe migraine attack.
Importantly, the proton-mediated release of CGRP from cultured trigeminal neurons was not blocked by the antim i g r a i n e t h e r a p e u t i c a g e n t s r i z a t r i p t a n a n d onabotulinumtoxinA [59] . However, KCl-induced stimulation of CGRP release, which involves a calcium/SNAP-25-dependent mechanism, was inhibited by rizatriptan and onabotulinumtoxinA. Thus, these findings support the notion that these therapies would not be effective in treating migraine headaches that primarily involve elevated extracellular proton levels (acidic pH). While there are currently no drugs approved for the treatment of migraine that selectively target ASICs, nonsteroidal anti-inflammatory drugs (NSAIDs), which are commonly used to effectively treat migraine, are known to inhibit ASIC channel activity at therapeutic doses that produce analgesic effects [66] . Furthermore, findings from clinical studies provide evidence that the combination of a triptan (sumatriptan) with an NSAID (naproxen) was more effective than treatment with either drug alone, possibly, because they inhibit both pathways involved in CGRP release [67] . Although not approved as a migraine therapeutic in the USA, the drug amiloride, which is known to inhibit ASICs, has been reported to be an effective therapy in some individuals with medically refractory migraine with prolonged aura [68] .
Rhinosinusitis and Temporomandibular Joint Disorder as Migraine Risk Factors: Role of Cross Excitation in Trigeminal Ganglion
Rhinosinusitis and temporomandibular joint disorder (TMD), which involve tissue inflammation and sensitization and activation of trigeminal ganglion neurons, are considered risk factors for migraine [24, 69] . The phenomenon of cross excitation within the trigeminal ganglion may help to explain why activation of one branch of the trigeminal ganglion can promote cellular changes associated with peripheral sensitization within the entire ganglion. In an earlier study, injection of inflammatory molecules into the temporomandibular joint (TMJ), which was predicted to mediate activation of only a few sensory neurons in the V3 region of the trigeminal ganglion, resulted in intracellular changes in neighboring neuronal and glial cells within all regions of the ganglion including V1 and V2 [40] . This type of intraganglion communication involving cross depolarization or cross excitation has also been reported to occur between sensory neurons via release of diffusible molecules from the neuronal cell body in nodose ganglion [70] and dorsal root ganglion [71] [72] [73] . The release of CGRP from the neuronal cell body and processes is thought to facilitate this spreading of the inflammatory signal throughout the ganglion that likely promotes peripheral sensitization of trigeminal nociceptive neurons [74] . Based on results from several studies on the trigeminal ganglion [40, 73, 75] , CGRP would be expected to cause excitation of other neuronal cells and satellite glial cells given that functional CGRP receptors are expressed on those cells [38, 39] . Thus, CGRP release from neuronal cell bodies or neuronal processes within the ganglion can function to cause sensitization of other neuronal and glial cells not initially involved in mediating the inflammatory response. The stimulatory effects of CGRP in the ganglion likely involve increased expression and release of other inflammatory molecules such as cytokines and ATP. Elevated levels of these molecules would establish an inflammatory loop between neurons and satellite glial cells that promote the spreading of the signal to other regions and maintain a sensitized or hyperexcitable state of the trigeminal neurons [48] .
Further evidence of cross excitation in the trigeminal ganglion was demonstrated in a novel in vivo model of acute TMJ inflammation involving co-injection of nitric oxide (NO) and protons [49] into the TMJ capsule since elevated levels of these molecules in human TMJ capsules are implicated in joint inflammation and pain [76, 77] . Similar to the Thalakoti study, stimulation of V3 neurons that innervate the TMJ resulted in temporal and spatial changes in the expression of key inflammatory proteins in both neurons and satellite glial cells in all regions of the trigeminal ganglion. Results from another study designed to determine if tumor necrosis factor (TNF)-mediated sensitization of V2 neurons would lower the activation threshold of V1 neurons provided further evidence of cross excitation. The rationale for that study was based on the report that migraineurs often cite sinus pain and pressure as a risk factor of their headaches and the high comorbidity reported between migraine and allergic rhinitis and acute sinusitis [69] . In the study by Damodaram et al. [78] , injection of TNF-α, a cytokine whose levels are elevated in nasal secretions during allergic rhinitis and acute sinusitis, in a facial region (whisker pad) that is innervated by V2 neurons lowered the activation threshold to a subthreshold concentration of capsaicin in V1 neurons. However, TNF-α or capsaicin treatment alone was not sufficient to cause cellular changes in V1 neurons. Sensitization and activation of trigeminal neurons originating in the V1/V2 region of the ganglion that provide sensory innervation of the meninges are thought to be involved in the pathology of migraine [3] . Taken together, finding from these studies support a model by which CGRP promotes activation of neurons and satellite glial cell in one region of the ganglion that initiate an inflammatory cascade involving other neurons as well as satellite glial cells, leading to increased intraganglion and neuronal-glial communication and the development of peripheral sensitization throughout the ganglion. Furthermore, these data may provide a cellular basis for why TMD pathology and rhinosinusitis are considered risk factors for migraine by maintaining a sensitized state of the nociceptors within the trigeminal ganglion.
Migraine Risk Factors and CGRP: Role of Stress, Anxiety, and Neck Muscle Tension
Stress, neck muscle tenderness, and anxiety are some of the most commonly reported risk factors associated with episodic and chronic migraine [6] . There is emerging evidence that in many complex neurological diseases that environmental factors such as stress and anxiety greatly influence disease onset, progression, and maintenance of the clinical phenotype [79] , the pathophysiological effects of unmanaged stress can include increased tension in the muscles of the neck and shoulders especially in females. Based on immunohistochemical studies, skeletal muscles are predominantly innervated by CGRP-containing neurons that facilitate pain signal transmission to the spinal cord [80] [81] [82] . Chronic muscle overload and tension in the neck and shoulders can lead to persistent fiber contraction, local ischemia, and the release of proinflammatory mediators, including bradykinin, glutamate, and CGRP, which can promote sensitization and activation of primary nociceptors [3] . Excitation of nociceptive neurons, which occurs in response to tonic muscle activity associated with myogenic trigger points, can lead to hypersensitization and lower-pain thresholds of second-order nociceptive neuron characteristic of central sensitization [83] . Convergence in the upper spinal cord of nerves providing sensory innervation of the neck and shoulder muscles and those emanating from the trigeminal ganglion may help to explain why neck and shoulder pathology is often associated with migraine. Elevated levels of CGRP in the spinal cord, as can occur in response to prolonged muscle tension in the neck, are implicated in the development of central sensitization and a prolonged state of neuronal sensitization [44] . The sensitizing effect of CGRP is thought to involve upregulation of protein kinase A and protein kinase C in second-order neurons, astrocytes, and microglia that are known to promote and sustain a highly sensitized state of nociceptive neurons indicative of a chronic pain state. In support of this notion, spinal application of CGRP facilitates nociceptive behavior and sensitizes the responses of dorsal horn neurons to innocuous and noxious peripheral stimulation [84, 85] . In contrast, blocking CGRP receptors with the peptide antagonist (CGRP ) [86] or anti-serum [87] has been reported to be anti-nociceptive in animal models of inflammatory or central neuropathic pain. In sum, these findings support a fundamental role of CGRP in promoting the development of a more persistent sensitized state of trigeminal primary and secondary nociceptive neuron characteristics of frequent and chronic migraine.
OnabotulinumtoxinA, which has been approved as a therapeutic option for chronic migraine, has traditionally been used clinically for the treatment of neuromuscular disorders including focal dystonias and relief of pain associated with cervical and oromandibular dystonias [88] . At the cellular level, onabotulinumtoxinA is known to inhibit the presynaptic release of the neurotransmitter acetylcholine from motor neurons at neuromuscular junctions and thus can suppress overactivity of muscle fibers [89] . Of clinical significance, muscle pain and tenderness, especially in the shoulders and neck, are physiological symptoms associated with migraine and are more commonly observed as migraine becomes more frequent [6] . Thus, sustained signaling from tonic contraction of craniofacial muscles is likely to provide a mechanism to induce prolonged sensitization of nociceptive neurons. This notion is possible because of the convergence of nociceptive signals in the upper spinal cord of cervical spinal cord neurons that innervate craniofacial muscles and trigeminal nociceptive neurons that provide sensory innervation of the dura [90] . With respect to the treatment of chronic migraine, it is interesting to note that the sites of onabotulinumtoxinA injections are topographically similar to the myogenic trigger points associated with referred pain locations in the head, neck, and shoulders [91] . Thus, onabotulinumtoxinA may function, at least in part, to suppress the activity of myogenic trigger points and decrease the persistent sensory barrage that promotes and helps maintain a state of central sensitization in the upper spinal c o r d . I n s u p p o r t o f t h i s n o t i o n , i n j e c t i o n o f onabotulinumtoxinA into craniofacial muscles was shown to rapidly inhibit mechanical sensitivity of temporal muscle nociceptors by inhibiting the central release of glutamate and CGRP from muscle nociceptors [92] . Similarly, administration of botulinum toxin type A subcutaneously or injected intrathecally was found to diminish bilateral hyperalgesia in a model of sustained muscle pain caused by unilateral repeated injections of acidic saline [93] . Furthermore, data from a clinical study of abobotulinumtoxinA (Dysport) provided evidence of the anti-nociceptive effect of toxin injection in the ten most tender trigger points in patients with moderate to severe myofacial pain syndrome affecting their cervical and shoulder muscles [94] . Taken together, the therapeutic benefit of using botulinum toxin A is likely to involve its ability to inhibit nociceptive signaling from muscles to the upper spinal cord and thus suppress maintenance of central sensitization. As such, botulinum toxin type A inhibition of CGRP release centrally would be expected to minimize sensory input caused by inflammation and nociception in head, neck, and shoulder muscles, which is a commonly reported risk factor of migraine.
Similar to stress, anxiety is often cited as a risk factor for progression from frequent to chronic migraine. Based on findings from a recent study [95•] , CGRP is likely to contribute to migraine pathology by facilitating anxiety-like states mediated via projections of the bed nucleus of the stria terminalis to autonomic and neuroendocrine regulatory structures of the brain. Injection of CGRP was shown to potentiate anxietylike behaviors and increase neural activity in bed nucleus of the stria terminalis targets. The bed nucleus of the stria terminalis functions as a relay site within the hypothalamicpituitary-adrenal axis to regulate its activity in response to acute stress caused by real or perceived threats [96] . Importantly, anxiety can lead to dysfunction of the descending inhibitory pathway, which is known to play a key role in modulation of the ascending spino-parabrachioamygdaloid tract [97] and is associated with the development of a more persistent pain state [98, 99] . In summary, elevated CGRP levels have been shown to alter the activity of neurons responsible for promoting anxiety-related behaviors, which are associated with progression to more frequent migraine attacks. Sustained CGRP levels are likely to contribute to migraine pathology by suppressing the descending inhibition pathway that functions to maintain neuronal homeostasis in the spinal cord in response to nociceptive signaling.
Summary and Conclusions
Our understanding of the diverse roles mediated by CGRP that contribute to migraine pathology has been greatly expanded since the early 1990s when CGRP's primary role was thought to only involve vasodilation and promotion of neurogenic inflammation. We now know that CGRP functions to modulate the activity state of neurons, glial cells, and immune cells within the trigeminal system to promote peripheral and central sensitization and a persistent state of hypervigilance associated with the migraine phenotype. Importantly, CGRP release from primary trigeminal neurons can occur via two independent mechanisms, a finding that has important implications for understanding why triptans and onabotulinumtoxinA may not be an effective therapy of some migraine attacks. Given its ability to modulate neuronal and glial functions within the trigeminal ganglion, CGRP is now thought to play a key role in promoting cross excitation, which is involved in lowering the threshold of activation of nociceptive neurons in other branches of the ganglion. In this way, CGRP functions to mediate the development of a neuronalglial inflammatory loop that initiates and sustains peripheral sensitization of all branches, which may help to explain the high co-morbidity of migraine with rhinosinusitis and TMD. In addition, elevated levels of CGRP within the central nervous system are implicated in the development of central sensitization by commonly reported migraine risk factors including neck and shoulder muscle tension/inflammation and anxiety. Based on the important involvement of CGRP in migraine pathology, it is not surprising that novel therapies utilizing humanized monoclonal antibodies that specifically target CGRP or its receptor are currently being tested in clinical trials. Although CGRP has had a long history with respect to migraine pathology, there is still much to learn about its complex role in mediating pathophysiological changes associated with episodic and chronic migraine.
